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We report the suppression of intermodal modulation instability peaks as a consequence of Kerr
induced self beam-cleaning in a 90m long graded-index multimode optical fiber under various spe-
cific launching conditions. Output spectrum and the modal beam profiles for three modes (LP01,
LP11 and LP21) have been recorded for several values of pump pulse energy. Experimental findings
establish that the nonlinear coupling among the guided modes leads to reshaping the output speckle
pattern into a bell shape or higher-order spatially clean beam profile as the pump peak power in-
creases, whereas in spectral domain intermodal modulation instability peaks are observed whose
amplitude increases gradually to its maximum value and beyond certain threshold power, the inter-
modal modulation instability peaks diminish. This suggests the possibility to generate intermodal
modulation instability free broadband spectra at high pump peak powers.
I. INTRODUCTION
Multimode fibers (MMFs) which were overlooked for
past many decades, are gaining resurgence as these fibers
can overcome the limitations associated with single-
mode fibers (SMFs). MMFs effectively address the ever-
increasing demand for high data transmission capacities
and large power handling capabilities by providing en-
hanced bandwidth through spatial division multiplex-
ing (SDM) and large core diameter, respectively [1–3].
The large number of modes in MMF interact with each
other through several ways and make MMF a perfect
natural tool to investigate complex linear and nonlinear
spatiotemporal dynamics. In recent years, considerable
amount of research has been reported unveiling nonlinear
phenomena in MMFs such as multimode soliton dynam-
ics [4–6], geometric parametric instability [7, 8], broad-
band supercontinuum generation [9–12], spatio-temporal
mode-locked MMF laser [13–16] and soliton self-mode
conversion [17]. Very recently, experimental investiga-
tions on nonlinear propagation in MMFs reveal an excit-
ing nonlinear phenomena named as Kerr-induced beam
self-cleaning (KBSC). So far the spatial beam cleaning
in MMFs has been effectively realized through nonlin-
ear dissipative processes such as stimulated Raman scat-
tering (SRS) [18–20] or stimulated Brillouin scattering
(SBS) [21, 22]. However, these nonlinear processes do
not lead to self-cleaning of the input laser beam and also
no Raman beam cleanup can be achieved in step-index
MMFs [20]. On the other hand, KBSC leads to reshape
the random speckle beam in MMFs at low pump pow-
ers into self-cleaned transverse modal profile at higher
power levels. The self-cleaning of the transverse output
pattern is highly sensitive to the initial launching condi-
tion [23]. This nonlinear evolution of spatial beam pro-
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file through KBSC process can be attributed to the in-
termodal four-wave mixing, cross-phase modulation and
group delay dispersion effects. Coupling among multi-
ple modes leads to periodic longitudinal modulation of
intensity pattern which in turn generate dynamic long-
periodic grating exploiting nonlinear Kerr effect. This
allows phase-matching processes and promotes the ex-
change of energy among the transverse modes [24–26].
The incorporation of self-phase modulation in nonlinear
energy exchange among the guided modes makes the pro-
cess non-reciprocal in nature. As a result the energy
transmitted into the lower-order transverse mode irre-
versibly trapped in that particular mode [27]. The de-
tailed theoretical analysis addressing the complex mech-
anism of KBSC is still under investigation. However,
the nonlinear reshaping through KBSC can be well re-
produced numerically by solving nonlinear Schrodinger
equation (NLS) or Gross-Pitaievski equation [28]. There
exists three possible mechanisms which play a crucial role
in the generation of KBSC process: multimode wave con-
densation, self-organized instability and irreversible non-
linear mode-coupling process. More recently, KBSC has
been explained and experimentally confirmed in the land-
scape of hydrodynamic 2D turbulence where the mode
condensation occurs due to the parametric mode mixing
instabilities which in turn generates multiple nonlinear
interacting modes with random phases producing an op-
tical wave turbulence [29]. KBSC has been demonstrated
under various experimental configurations, involving dif-
ferent fiber types such as GRIN MMFs [23, 30–32], step-
index MMF [33], microstructure MMF [34] and tapered
fiber [35]; different pump laser with pulse width vary-
ing from femtosecond to nanosecond duration [23, 30];
and also normal to anomalous dispersion regimes [35, 36].
Apart from the conventional fiber, more recently KBSC
has also been achieved in double-clad ytterbium doped
MMF [33] and lanthanum aluminum silicate oxide glasses
MMF [37] as well. However, the fiber length used so
far to obtain KBSC varies from few centimeters to few
meters (<20m). In our experiments, we have used 90
m long standard graded-index MMF (GI-MMF), which
effectively reduces the threshold power to initiate mod-
2FIG. 1: Schematic of the experimental set-up. M1,M2:
silver mirror, HWP: half-wave plate, PBS: polarization beam
splitter, MO1,MO2,MO3: microscope objective, BS: plate
beam splitter, F1 : laser line filter, L1: convex lens, CCD:
charged coupled device, OSA: optical spectrum analyzer.
ulational instability process. We have observed a dra-
matic spectral evolution for sub-nanosecond pump pulses
under different input launching conditions which are in
contrary to the results observed in [28], where KBSC
occurs without any spectral distortion. We notice a
very interesting phenomena where the increase in in-
put pump peak power generates spectral peaks as a
consequence of intermodal modulation instability (IM-
MI), intermodal four-wave mixing (IM-FWM) and stim-
ulated Raman scattering (SRS) processes. At very high
pump power, input speckle modal profile organizes it-
self to a well-defined transverse modal profile exploiting
KBSC process. The most striking observation is that self-
organization through KBSC process leads to suppression
of IM-MI peaks for different launching conditions. The
paper is organized as follows: In section II, we provide a
brief description of our experimental set-up. Section III
deals with the experimental result where the work has
been performed under three series of experiments. In the
first series of the experiments, we report experimental
observations for normal incidence on the fiber axis where
KBSC leads to reshaping input speckle pattern into LP01
mode, whereas in the second and the third series of ex-
periments we report for oblique incidence where input
speckle pattern self-organizes through KBSC into LP11
and LP21 modes, respectively. Finally, the conclusion is
made in section IV.
II. EXPERIMENTAL SET-UP
The schematic of the experimental setup is shown in
Fig. 1. The pump is a single-mode output of a Q-
switched microchip Nd:YAG laser source delivering sub-
nanosecond pulses (∼ 0.77 ns) with a repetition rate of 23
kHz at 1064 nm. A combination of a polarization beam
splitter (PBS) and half-wave plate (HWP) has been em-
ployed to control the input pump power coupled to the
fiber. The pump is injected into the fiber through a mi-
croscope objective (20X, NA 0.4). A 90 m long piece of
standard graded-index MMF (GI-MMF) possessing core
(a)
(b)
FIG. 2: (a) Near-field spatial distributions for normal
incidence leading to LP01 mode (b) measured output spectra
for various pump peak powers.
diameter of 62.5 µm and numerical aperture 0.275 (Thor-
labs GIF625-100) is used. The transverse modal content
at the input is controlled using three-axis translational
stage. The spatial field distributions have been captured
through CMOS ccd camera (digital camera, Thorlabs)
while the spectrum is measured by OSA (AQ6319) that
has a spectral range from 600 nm to 1700 nm.
III. EXPERIMENTAL RESULTS
The experiment has been performed by monitoring the
simultaneous evolution of the output spatial distribution
and spectrum as a function of power injected to 90m GI-
MMF for different launching conditions. We precisely
control the excitation of guided modes in the fiber by
varying the incident angle.
In the first series of experiments, pump pulses were
launched at the normal incidence with the fiber axis.
Once the launching condition is fixed, injected pump
power is gradually increased by the HWP and PBS. The
evolution of output beam shape at the pump wavelength
(1064 nm) with varying input pump powers have been
captured through cmos camera employing a laser line fil-
ter (FWHM 3 nm) before the camera. The near-field
spatial patterns are shown in Fig. 2a. It is observed that
at smaller input power values, the output beam profile
3(a)
(b)
FIG. 3: (a) Near-field spatial distributions for oblique
incidence leading to LP11 mode (b) measured output spectra
for different pump peak powers.
leads to a speckle pattern which can be attributed to
the superposition of large number of excited transverse
modes propagating in the fiber with distinct phase veloc-
ities. With the increase in pump power, significant tran-
sition of the energy distribution takes place towards fun-
damental mode and the speckle pattern gradually evolve
into a bell-shaped beam forming LP01 spatial mode. It
is observed that threshold value of KBSC to LP01 re-
lies around 2.5 kW that suggest a stable output above
this threshold value. The experimental results yield self-
beam cleaning process to the fundamental mode for on-
axis launching condition which has been reported ear-
lier [23, 30, 31]. The most striking observations are in
the spectral domain which is shown in Fig. 2b . Fig.
2b exhibits spectral evolution for various input pump
peak powers. It is observed that with the increase in
input pump peak power, the output spectrum changes
significantly. For relatively low pump peak power (i.e.,
0.05 kW), spectral profile exhibits only single peak cor-
responding to pump wavelength (1064 nm). With the
increase in pump power, pair of sidebands at 1056 nm
(λR
LP01
) and 1073 nm (λL
LP01
) build up on both side of the
pump along with the Raman Stokes at 1117 nm (λS1
LP01
)
and an anti-Stoke at 1017 nm (λas
LP01
). The generation
of the sidebands can be attributed as intermodal mod-
ulation instability (IM-MI) which arises above thresh-
old pump power due to power distribution among dif-
(a)
(b)
FIG. 4: (a) Near-field spatial distributions for oblique
incidence leading to LP21 mode (b) measured output spectra
for several pump peak powers.
FIG. 5: Comparative output spectra for three different
spatial modes, LP01, LP11 and LP21 at fixed input pump
peak power of 5.25 kW.
ferent spatial modes following phase-matching condition
[38, 39]. Threshold value for IM-MI process is observed
at 1 kW of input peak pump power. With the increase
in pump power beyond this threshold value, the ampli-
tude of spectral sidebands gradually increase and become
maximum at 1.74 kW. Further increase in pump power
leads to a decrease in the amplitude of IM-MI peaks
and almost disappear above 2.8 kW of input peak pump
power.
In the second series of the experiments, the launching
4FIG. 6: Amplitude variation of IM-MI peaks for different
KBSC operations.
condition of the input beam has been slightly changed, an
oblique incidence with respect to the fiber axis is achieved
in such a way that maximum power couples into LP11
mode. In this alignment, the pump excites a combina-
tion of even and odd order of modes where maximum
power is coupled into LP11 spatial mode. Fig. 3a com-
prises the evolution of the output beam profile at 1064
nm. At very low pump power (0.02 kW), the superposi-
tion of multiple modes lead to a speckle pattern. With
the increase in pump power, the output speckle pattern
gradually reshapes into LP11 mode as shown in the fig-
ure. The output images yield that threshold input peak
pump power to realize KBSC for LP11 mode resemble in
the order of 4.8 to 5 kW. The corresponding spectral evo-
lution with varying input peak pump powers is depicted
in Fig. 3b. It is observed that threshold peak pump
power for the generation of IM-MI peaks is around 0.42
kW. Above this threshold value, IM-MI peaks are gener-
ated at 1056 nm (λL1
LP11
) and 1072 nm (λR1
LP11
). Further
increase in pump power generates harmonics at 1048 nm
(λL2
LP11
) and 1081 nm (λR2
LP11
) on both sides of the pump
which become maximum in amplitude around 1.216 kW.
Beyond this input pump power, the amplitude of IM-
MI peaks gradually decays and broadband spectrum has
been achieved as a consequence of CRS and IM-FWM
processes.
In the third and last series of experiments, we demon-
strate KBSC for the higher-order LP21 mode. To achieve
this, the launching angle is tweaked precisely with re-
spect to the fiber axis such that the maximum amount
of light couples into LP21 mode. After fixing the launch-
ing condition, the input power varies by the combination
of PBS and HWP. The variation of output beam pro-
files at 1064 nm for 90 m long GI-MMF is displayed in
Fig. 4a. At very small pump peak power (0.019 kW),
speckle pattern is observed due to superposition of large
number of modes propagating through fiber. With the
increase in pump power, a transition of speckle pattern
into a well defined transverseLP21 mode is observed. The
peak power threshold value for KBSC in LP21 mode is
around 5.5 kW which is slightly greater than the KBSC
threshold for LP11 mode. Corresponding spectral evolu-
tion with varying pump power is shown in Fig. 4b which
is very much similar as in case of LP11 mode. IM-MI
peaks are generated for pump peak power >0.32 kW and
becomes maximum at 0.87 kW. MI peaks are observed
at 1056 nm (λL1
LP21
) and 1073 nm (λR1
LP21
), while har-
monics are generated at 1048 nm (λL2
LP21
) and 1081 nm
(λR2
LP21
) which is almost in the similar spectral positions
as observed for KBSC in LP11 mode.
Full spectral evolution is shown in Fig. 5 which ex-
hibits a complete spectrum for fixed input pump power
(5.25 kW) where KBSC reshapes into LP01, LP02 and
LP21 spatial modes, respectively. It is observed that for
large input pump power, higher-order Raman peaks are
generated. At 5.25 kW pump power, higher-order Ra-
man Stokes are generated at 1117 nm, 1173 nm, 1239
nm, 1311 nm, 1445 nm, and 1610 nm, whereas Raman
anti-Stoke is generated at 1017 nm. Apart from this,
several spectral peaks have been generated in the blue-
side of the pump wavelength, similar to self-organization
in LP01 mode which can be realized through complex
IM-FWM process among different mode combinations.
The evolution of the amplitude of IM-MI peaks for three
different combinations is shown in Fig. 6. It is observed
that the threshold value to initiate IM-MI process is max-
imum for the operation where KBSC has been achieved
in the fundamental mode and decreases for higher-order
mode operation. This is due to the fact that modal com-
binations of the higher-order modes are more unstable
than the fundamental mode which consequently boosts
to initiate IM-MI process. Initially, a gradual increment
of the amplitude of the IM-MI spectral peaks are ob-
served with an increase in input pump peak power. The
maximum amplitude of MI peaks occurs at a peak power
of 1.744 kW (Pc1) for the fundamental mode, whereas
it is 1.216 kW (Pc2) and 0.87 kW (Pc3) for higher-order
modes, LP11 and LP21, respectively. A further rise in
pump peak power reduces the spectral amplitude of IM-
MI peaks. This behavior can be realized in the land-
scape of the KBSC process. With the increase in input
pump power, input mode combinations reshape to a well-
defined mode which effectively traps the total power in
that mode through the KBSC process. Confinement of
total power to a particular mode causes the diminishment
of the MI gain and finally MI peaks disappear when to-
tal power get trapped into a single-mode via the KBSC
process. This is due to the fact that MI gain is highly
sensitive to the power ratio of the participating modes
and it is maximum when power is equally divided among
the modes [40].
IV. CONCLUSION
To conclude, we have reported experimental investiga-
tion of Kerr-induced self-cleaning in a longer length of
GI-MMF which reshape transverse speckle pattern into
a spatially clean beam profile. Light injection conditions
offer versatile control over the spatial beam cleaning pro-
5cess. Furthermore, we demonstrate the suppression of
IM-MI peaks in the spectral domain as a consequence of
the beam cleaning process. At high pump peak power,
MI free broadband spectrum can be generated as a con-
sequence of stimulated Raman and IM-FWM processes
for every beam-cleaning operations. Our experimental
findings on spectral as well as spatial beam cleaning, ex-
ploiting Kerr-beam self-cleaning in multimode fiber, will
pave the way for developing high power fiber laser and
investigation of complex spatio-temporal nonlinear dy-
namics in multimode platforms.
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